This version compiled 3 December 2020 


ALBATROS D.V, FOKKER D.VII, S.E.5A and SPAD XIII: 
WHICH ONE HAD THE BEST PERFORMANCE IN THE VERTICAL PLANE? 
A DIVE AND ZOOM ANALYSIS FOR FOUR OF WW1’S MOST FAMOUS SCOUTS 


Anders F. Jonsson 
M.Sc. Aeronautical Engineering 
Royal Institute of Technology, Stockholm 


Abstract 


This paper analyses the relative dive and zoom performance for 
four of the most famous aircraft of the Great War, namely the 
Albatros D.Va, Fokker D.VIIF, S.E.5A and SPAD XIII. Which 
one dived the best? How big was the difference? If one had 
better initial acceleration in a dive did it also have a higher 
terminal velocity? How did the aircraft compare in a zoom 
following a dive? This paper will attempt to get to the bottom of 
these questions using a C++ simulation program developed by 
the author. 


Introduction 


Important to note is that the analysis in this paper is solely based 
on the laws of motion while in real life the actual dive speeds 
attainable by these planes could in some scenarios also be 
limited by other factors such as flutter or aerodynamic 
divergence which would most likely limit the maximum safe 
dive speeds in some cases such as vertical dives. However, there 
is not much in terms of historical information or other data 
available to accurately pin down reliable values for flutter and 
divergence speeds but what little data there is, indicates that the 
never exceed speeds for at least three of the scouts in the 
comparison are not attained in the simulations. 


When analyzing diving performance, a good starting point is to 
begin with the resulting force F acting on the aircraft in the plane 
of motion. This force is composed of three main components: 
The thrust and the drag, denoted T and D respectively, and a 
component of the weight, i.e. mass times gravity, due to the dive 
angle y. 


Thus in slightly simplified terms the forces acting on an airplane 
in the direction of the dive can be expressed as: 


F=T-D+m*xgxsiny 
Substituting F using Newton’s second law of motion, F = m x a: 
mxa =T—-D+m~xgxsiny 


Diving both sides with m this enables the aircraft’s acceleration 
a to be written as: 


_(T-D 


a J +gxsiny (Equation 1) 

Equation 1 is useful since it highlights that the effects of gravity 
on acceleration (the second part of the equation) is independent 
of mass, i.e. a large mass is no advantage per see and can in fact 
to the contrary be a disadvantage in some cases as outlined 
below. 


Looking at the first part of equation 1 we see that the mass 
appears in the denominator meaning that as mass increases, then 
the effects of both thrust and drag upon the acceleration is 
diminished. This brings us to the conclusion that as long as the 
thrust is larger than drag then mass is a hindrance but as soon as 
drag is larger than thrust then mass becomes an asset in that it 
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decreases the negative effects of drag and allows a heavy fighter 
to accelerate better in the dive since the accelerating due to 
gravity is not negatively impacted to the same extent as for a 
lighter fighter. Summing up, given two fighters with similar 
power and drag characteristics, we should expect to see the 
lighter fighter accelerate better in the initial and the heavier 
fighter better in the latter stages of the dive’. 


This effect is not as pronounced in WWI era scouts as it is in 
WW? fighters but it’s nevertheless hinted at in figures 2 and 3 
where the Fokker D.VIIF in the first few seconds pulls slightly 
ahead of the S.E.5a but then starts to fall behind approximately 5 
s into the dive when the (T-D) term in equation 1 becomes 
negative. 


Oberl. Ernst Udet in front of the German Fokker D.VII scout 


Photo: Wikimedia commons. 


While there is a wealth of information available for certain 
performance numbers such as speed and climb, there is very 
little in terms of WWI scout dive performance other than 
anecdotal accounts by pilots detailing their experiences from 
combat encounters. While such accounts can serve to give a 
general indication of how different aircraft compared, they are 
less useful to quantify the actual performance and how big the 
difference between different aircraft really was. In addition, 
many aircraft of the time either simply lacked an airspeed 
indicator or, on those that had one installed, dive speeds were 
usually higher than the instrumented range. Further clouding the 
issue is that any stated number is of uncertain value due to 
unknown calibration and position errors. 


Added to this it’s reasonable to assume that the pilots of the time 
were not free from the human frailties that affects us all and that 
some incidents have been misremembered or even embellished 
over time. However, with this caveat having been said, there is 
no doubt that in general, anecdotal evidence is still useful to see 
the big picture and that general trends can be derived once the 
outliers have been removed but the fact still remains that 


' For WW1 scouts the time when thrust > drag is short but for 
typical WW2 fighters this time is often longer and surprisingly 
often the lighter fighter will have better initial dive performance. 


anecdotal evidence is not very useful to quantify numbers and to 
pin down exactly how big or small the difference actually was 
and how viable it was to use a dive to disengage or catch up 
another aircraft in a dive. For example, numerous pilot accounts 
laud the SPAD’s diving abilities and there is little reason to 
doubt these anecdotal accounts that it was a good performer. 
However such stories rarely contain enough tangibles to derive 
quantifiable numbers for dive acceleration and separation 
distance etc. 


Another reason to be wary and why pilot accounts need to be 
carefully scrutinized is that there will always be outliers both in 
terms of aircraft performance and pilot skill and determination. 
For example, it’s fair to assume that pilots of the time had 
different ideas about how much their aircraft could handle in 
terms of high speed power dives and that one pilot may have be 
more inclined to take his mount to the very edge than another. In 
addition, as these aircraft were put through their paces in the 
skies over the trenches, they naturally acquired different 
reputations regarding ruggedness and reliability and as an 
example, the pilot of a French SPAD was probably much more 
inclined to trust his aircraft to hold to together in a steep dive 
compared to a German Albratros pilot who had to take into 
account that his aircraft had a reputation to shed its wings in a 
high speed dive. With this having been said about the SPAD and 
aye below is an interesting account from a S.E.5a scout 
pilot’: 


The British S.E.5a scout 


Photo: Wikimedia Commons. 


"Our instructor was Captain Arthur Conningham, an Australian, 
who was credited with over 20 enemy machines destroyed during 
the war. After we had learned to handle the S.E.5a's fairly well, 
he called us together and said, "Now, I want you to do some fast 
diving with your engine full on, and diving vertically. You can 
get up to nearly 300 m.p.h., but I must tell you how to do it 
without losing your wings. The airspeed indicator only registers 
up to 180 m.p.h., so after that has been passed, you simply look 
at the fabric on the lower wing. When you see one buckle appear 
in it, you are probably doing something like 200 m.p.h.; when 
there are two buckles, you are probably doing about 250 m.p.h.; 
but you want to be careful not to get three, because then the 
wings will undoubtedly fall off: Now, go up and do 

some real diving." 


We thought that we were doing very well, but when we landed he 
stamped his feet, swore at us pretty fluently and stated, "I said 
dive, not glide." He then took off in his machine and showed us 
how it should be done. Our hair fairly stood up on end when we 
saw what he did. He came down vertically at a terrific rate and 
flattened out about 10 or 15 feet off the ground! However, 
having seen this demonstration, we all had a go and surprisingly 
no one was killed. That was one of the ways we learned to dive 
fast - something that is sometimes necessary for attack in a 
scrap." 


? Captain C.H. Copp, 2" Squadron AFC, Australian Society of 
WWI Aero Historians Journal. 
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Reading the above story one has to admire the bravery of pilots 
like Captain Conningham, or if not him, whomever had been the 
first to determine that the S.E.5a could be safely dived to these 
speeds since these numbers were hardly printed in any flight 
manual and that someone consequently must have arrived at 
these limits through a hair raising set of trials gradually 
expanding the flight envelope into uncharted territory. 


The German Albatros D.Va scout 


Photo: Wikimedia Commons. 


Leaving pilot accounts aside and taking a look at the state of art 
in aircraft design at the time, it is with the benefit of hindsight 
perhaps somewhat unfair to criticize the sesquiplane Albatros 
D.Va scout on its readily apparent design flaw: The single point 
lower wing attachment located so far back on the wing. While 
this may seem like a glaring omission by the standards of today, 
it was in fact accepted design practice at the time as witnessed 
by the French Nieuport 17 design which purportedly inspired the 
Germans to copy that design and change the Albatros D.II 
biplane layout to a sesquiplane from the D.I model onwards. 
Since the single spar is located behind the aerodynamic center of 
the lower wing, this type of sesquiplane design is an open 
invitation for disaster in the form of flutter and divergence. As 
an example, one famous German ace, Hans Joachim von Hippel, 
had his lower left wing torn off (luckily it departed downwards) 
in a steep 3000 ft dive on the 18th February 1918 but 
nevertheless still managed to crash land his Albatros D.Va and 
walk away from the wreckage’. 


Some sources indicate that the wing flutter speed for the 
Albatros D.Va may have been extremely low and a modern day 
FEM-analysis of this airplane to determine the structural rigidity 
and flutter modes suggested a flutter speed for the D.Va as low 
as only 193 Km/h‘ which is disturbingly close to the maximum 
horizontal speed meaning that anything but a very shallow dive 
would be inviting disaster if this was the case also in real life. 


In addition to wing flutter, pilots of the time also ran the risk of 
control surface flutter and seeing how control surfaces such 
elevators and ailerons were designed at the time, it’s obvious that 
concepts such as mass balancing’ were either unknown or if they 
to some extent were, anyway were not incorporated meaning that 
control surface flutter must have been a real risk on all WW1 
scouts. However, investigating flutter and divergence 
phenomena is extremely complex and outside the scope of this 
paper. In addition, modern FEM-analysis and pilot accounts talk 
of wing, not control surface flutter or divergence as limiting 
factors and therefore, the simulations to determine what speeds 
the aircraft were capable of in dives will be determined solely by 
the laws of motion. How valid this and other assumptions made 


> Defeat by design, John A Chionchio, Air Enthusiast in 1989. 

* Aerodynamic Forensic Engineering Investigation: 

Wing Flutter Associated with the Albatros DVa, University of 
Canterbury, C. DeLong, S. Hamilton, J. McVicar and D. 
Mossman, 25" October 2011. 

$ However, aerodynamic balancing to reduce control forces was 
done as witnessed on for example the Fokker Dr.1 & D.VII. 


in the simulations are, will then be treated in a special chapter at 
the end of the paper. 


Another thing to keep in mind is that as the speed in the dive 
goes up, the pilot needs to reduce the throttle in order not to 
exceed the rpm limitations of the engine. In the simulation this is 
accounted for by utilizing the propeller efficiency (n) as a 
function of advance ratio (J) model. Normally, a propeller 
operates in a speed range in between climb and maximum speed 
conditions and unfortunately, achieving optimum efficiency for 
both conditions with the same propeller is not physically 
possible. Consequently, the designers of the time could choose 
either to premiere climb or speed performance when selecting 
which propeller to use on their design®. However, in many cases 
the propeller chosen lay somewhere in between meaning that the 
efficiency was not optimal for either condition and therefore 
somewhat of a compromise although still usually leaning 
somewhat either towards a more speed or climb optimized 
design. Mathematically described this means that the n-curve as 
a function of J is somewhat bell shaped, increasing with J until 
reaching a plateau in the climb/speed region and then, as the 
speed increases even further, again starting to reduce with J until 
it drops to zero at a certain speed which typically will be well in 
excess of the propellers normal operating range. 


As an example, the J for the S.E.5a at the sea level top speed is 
approximately 0.85’ while the for n=0 it has been assumed to be 
J=1.4 for both the S.E.5a and SPAD XIII whereas for the Fokker 
D.VII and Albatros D.Va with more climb optimized propellers 
it has been assumed to be J=1.1°. However, as the simulations 
show, for dive performance estimates the actual J for n=0 is not 
that important since this speed is reached already a few seconds 
into the dive irrespective if J is assumed to be 1.1 or 1.4. When 
this speed is reached, the simulations assume that the power 
needed to windmill the propeller due to the internal friction is 
10% of the rated horsepower. Added to this, the progressively 
larger negative angle of attack on the propeller blade as the 
speed builds up is calculated up to a maximum force coefficient? 
of 1.5. 


Capt. Eddie Rickenbacker and the French SPAD XIII scout 


Photo: Wikimedia Commons. 


Consequently, the drag of the propeller is assumed to go up to a 
higher value than would be the case of a non-rotating propeller. 
This means that the total drag of the propeller in the dive is 
assumed to be the sum of the engine friction drag due to the 
wind milling and the aerodynamic drag of the propeller due to 
the local angle of attack as determined by the sum of the 
rotational and forward speed. 


ê The actual propeller used in the field could however vary and it 
was not unknown for pilots to have different opinions about 
which type of propeller was optimal for their particular plane. 

7 For comparison, for climb conditions at sea level the advance 
ratio J for the S.E.5a is just over 0.5. 

$ The propeller data used in the simulations are based on NACA 
report 141, Experimental Research on air propellers V, 1923. 

°’ This factor is multiplied with the blade area and dynamic 
pressure to estimate the propeller drag. 


Further information about the input data to the simulations are 
summarized in tables 1 and 2 below. These list a number of the 
important characteristics of the aircraft used to model them in 


the simulations. 


Table 1. 
Parameter SPAD XIII Albatros D.Va 
Wing area total 22.34 sqrm 21.92 sqrm 
Weight 856.5 Kg 937 Kg 
Wing loading 35.2 Kg/sqrm 42.7 Kg/sqrm 
Flat plate drag area 0.80 sqm 1.00 sqm 
Sea level power Hispano-Suiza 8b Mercedes D.Maü 
(hp) delivering 220 hp at delivering 185 hp 
assumed in 2240 rpm at 1400 rpm 
simulations 
Power loading 3.89 Kg/hp 5.06 Kg/hp 
Kg/hp 
Weight/Flat plate 1065 Kg/sqrm 939 Kg/sqrm 
area 

Table 2. 
Parameter S.E.5a Fokker D.VIIF 
Wing area total 24.52 sqrm 22.06 sqrm 
Weight 887 Kg 903 Kg 
Wing loading 36.2 Kg/sqrm 40.9 Kg/sqrm 
Flat plate drag area 0.80 sqm 0.95 sqm 
Sea level power Hispano-Suiza 8b BMW Maŭ 
(hp) delivering 220 hp at delivering 232 hp 
assumed in 2240 rpm at 1600 rpm 
simulations 
Power loading 4.03 Kg/hp 3.89 Kg/hp 
Kg/hp 
Weight/Flat plate 1116 Kg/sqrm 952 Kg/sqrm 
area 


Looking at tables 1 and 2 in conjunction with the simulation 
results, it’s clear that there is a direct correlation between the 
quotient of the weight and flat plate’ drag area and the dive 
performance. The power loading seems to be less important 
which is also hinted at in in the dive histories for all aircraft: 
There is only an excess of thrust in the first few initial seconds 
after which the drag predominates. Given these observations it’s 
clear when looking at equation 1 that the aircraft with the 
greatest weight to flat plate drag area ratio will exhibit the 
greatest dive acceleration and highest terminal velocity which is 
also exactly what figures 1 to 5 show: The aircraft dive times are 
directly proportional to this quotient and consequently, while this 
metric cannot be used directly to quantify how big the difference 
is, it can be used with confidence to say which aircraft has the 
better dive performance. However, as previously pointed out, if 
actual numbers are to be quantified, numerical analysis 
integrating forces and movement as done in this paper is needed 
but for ballpark predictions, the weight to flat plate drag area 
metric provides a good enough indication of the aircrafts relative 
dive performance. 


Dive performance comparison 


In order to do a meaningful comparison the analysis is done 
assuming the same constraints for all aircraft. The first limitation 
is that since the exact flutter and divergence speeds are either 
unknown, or for those aircraft where estimates are available, of 
uncertain accuracy this is therefore not considered in the C++ 
simulation runs and the aircraft’s path is determined solely by 
the forces acting on the airplane. The second is that the 
maximum stated rpm for each engine is assumed not to be 
exceeded in the dive since the actual over speed a particular 
engine could sustain in a dive without failing is unknown. These 
limitation are then in fairness applied to all aircraft. 


To get an understanding of how the maximum allowed rpm 
affects dive performance, taking the S.E.5a’s 2240 rpm limit at 


' The flat plate area (Cd0 x S) is the product of the zero lift drag 
coefficient Cd0 and the wing area S. 


220 hp as an example, allowing this to increase by 25% to 2800 
rpm in the dive would result in the engine giving a thrust 
contribution for approximately 5 s longer than at 2240 rpm 
which would result in a circa 10 Km/h faster maximum dive 
speed and shaving off about 1 s of the total dive time. 


However, as outlined above, in order to incorporate that factor 
into the simulations, the exact limitation for each particular 
engine needs to be known and if one particular engine could 
without failing tolerate 10, 25 or even 50% higher rpm’s than the 
maximum as per the specification. However, since such data is 
unavailable, the comparison is done assuming that all scout 
pilots reduce throttle in the dive to maintain the maximum 
allowed rpm’s as listed in table 1. 


Figure 1: 


Dive time from 5 to 1 Km altitude with 45° dive 


angle with 150 Km/h TAS initial speed 
C++ simulation code PA231 2020-11-22 
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Figure 2: 


Dive history from 5 Km altitude with 45° dive 
angle with 150 Km/h TAS initial speed 


C++ simulation code PA231 2020-11-22 
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Figure 3: 


Dive history from 5 Km altitude with 45° 


dive angle with 150 Km/h TAS initial speed 
C++ simulation code PA231 2020-11-22 
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For the Fokker D.VII the dive time for the most powerful 
version, the BMW Hla powered D.VIIF is used in the 
comparison. Somewhat surprisingly, even with this extremely 
potent engine, the D.VIIF is still outclassed by the S.E.5a and 
SPAD XIII in a dive. The simulations indicate that while the 
more powerful BMW II.a certainly is a big asset for speed, 
climb and turn performance it only makes a marginal difference 
in a dive: Comparing the D.VIIF’s dive performance to the 
Mercedes D.IIIati powered D.VII variant, it turns out that the 
D.VIIF peak speed in the dive is only about 4 km/h faster (416 
as compared to the D.VII’s 412 Km/h) and while the engine does 
manage to offset the drag for an additional 2 s in the dive, the 
end result is still only slightly more than half a second shorter 
dive time down to 1 Km altitude (54.4 s compared to the D.VII’s 
55.2 s) which still leaves the D.VIIF wanting in comparison to 
the S.E.5a’s and SPAD XIII’s significantly shorter dive times. 


The Albatros D.Va (assuming the wing stay on in the dive") will 
with a dive time of 55 s make it to a fourth place in the contest 
only about a second behind the more powerful D.VIIF. That the 
D.Va does so well despite having much less power available can 
be explained by two factors: One, that the engine power does not 
seem to have a large influence on the results, and two, that the 
D.Va is a comparatively heavy plane. Somewhat surprisingly, 
given the Albatros’s sleek appearance and aerodynamically 
pleasing lines, drag cannot be added to the list of advantages 
since tuning the drag coefficient to match stated top speeds 
indicates a flat plate drag area substantially higher (about 25%) 
than that of the S.E.5a or SPAD XIII. This again explains why 
the Albatros does not do better: It’s weight to flat plate drag area 
quotient is simply not as good as for the two Entente scouts. 


One major factor contributing to the SPAD XIII’s and S.E.5a’s 
superiority in a dive compared to the Albatros is that they both 
had wing profiles that were significantly less cambered than the 
D.Va and consequently much more suited for high speed flight. 
As an example, under the high speed dive conditions depicted in 
figures 2 to 4, the wing profile drag factor of the D.Va is more 
than two times as large as that of the S.E.5a. 


" See information about Albatros wing divergence and flutter 
issues connected to footnotes 4, 19 and 20. 


Figure 4: 


Dive history from 5 Km altitude with 45° dive 
angle with 150 Km/h TAS initial speed 
C++ simulation code PA231 2020-10-28 
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Figure 5: 


Dive history from 5 Km altitude with 45° dive 
angle with 150 Km/h TAS initial speed 


C++ simulation code PA231 2020-10-28 
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To get a better understanding of why the dive histories above 
look the way they do, below is a summary of how the conditions 
change over time that is general in nature and consequently valid 
for all of the scouts mentioned in this paper. 


At the onset of the dive, the scout’s engine and propeller 
combination produces thrust in excess of the drag and as a 
consequence, in addition to the acceleration due to gravity, the 
aircraft is pulled downwards due to the thrust being larger than 
the drag. However, this state of affairs is very short lived and 
after just a few seconds the aircraft have all accelerated to a 
speed at which the propeller ceases to produces thrust and to the 
contrary starts to act as an airbrake. This is due to the angle of 
attack on the propeller blade being gradually reduced as the 
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speed builds up resulting in a change of the propellers operating 
conditions as outlined below: 


Given that the engine turns at a certain rpm, this results in a 
rotational speed which together with the forward speed results in 
the air striking the propeller blade at a certain angle of attack’. 
Since a fixed pitch propeller is usually designed to operate well 
in between climb and top speed conditions, this means that in 
this speed range the air strikes the propeller blade at a suitable 
angle but as the speed build up even higher this angle is reduced 
until the propeller cannot absorb the engine power anymore and 
the pilot is forced to reduce throttle in order not to over-rev the 
engine. In a steep dive the speed continues to increase beyond 
this point and eventually the forward speed becomes so large 
that the angle of attack on the propeller blade becomes negative 
meaning that the propeller goes from producing thrust to 
generating drag. The drag from the propeller acting on the 
aircraft is from this point on due to two main factors, one being 
the direct drag of the propeller operating at a negative angle of 
attack and the other being the negative power needed to 
overcome the engine’s internal friction and windmill the engine. 


In a real life scenario on the other hand, it’s as has been 
previously pointed out more likely that the pilots would instead 
have allowed the engines to turn at a higher rpm than the 
maximum allowed in horizontal flight. However, since these 
limits are unknown for the scout engines in the comparison, the 
simulations have instead assumed that all pilots reduce throttle in 
order to maintain the maximum permissible rpm as the speed 
builds up. This makes the dive histories above directly 
comparable which would not have been the case if this limitation 
had not been imposed on all of the aircraft compared in the 
simulations. 


Dive and zoom performance 


Interestingly, the so-called dive and zoom attack is not a human 
invention but can be widely seen in the animal kingdom as well 
where birds of prey are often harassed by smaller birds doing 
repeated attacks of this nature. More often than not the smaller 
bird emerges victorious with the bigger bird of prey ignomously 
leaving the area. That it occurs at all in nature is in fact good 
testimony to its utility since evolution is harsh in weeding out 
unsuccessful concepts which cannot be said then for the 
ubiquitous dive and zoom attack. 


Figures 6 to 8 below show the speed and altitude history for this 
type off attack performed by the four scouts compared in this 
paper. The reason for investigating dive and zoom performance 
in the first place is that it today is a classic part of the fighter 
pilots toolbox and to not look into it would therefore have been 
an omission. However, at the advent of the Great War this 
technique was in its infancy and not widely used but as the 
performance of WWI aircraft progressively evolved towards 
heavier and faster aircraft, high speed surprise diving attacks on 
lower flying targets became more and more common and the 
modus operandi for many successful pilots”. In this context it’s 
easy to envisage that the attacking pilot will intuitively after an 
attack pull up to assess the results of the attack. Was the attack 
successful? Is the enemy going down? If not, then a new diving 
attack could be done provided the attacker regains enough 
altitude after the first pass. Another reason for adding the zoom 
after the dive is that it gives the attacker a number of options 
after the first pass: In addition to a higher perch allowing a 
repeat attack it also provides the attacker a good position from 
which to disengage if needed. Consequently, the dive and zoom 
attack can be summed up as a high gain low risk approach to 
aerial warfare which undoubtedly contributed to its rising 
popularity during WW1. However, just how viably and efficient 
is this type of attack using typical WW1 scouts? Looking at 


"? Reference point usually 75% of the propeller blade radius. 

'8 “This tactic, common to birds of prey and which is instinctive 
to them has always seemed the very best to me” Capt. René 
Fonck. Quote from Fighter Pilot by S. M. Ulanoff, 1962. 


figure 6 below, this shows that a scout attacking from a position 
2 Km above an adversary will lose almost all of the altitude 
advantage in just one pass. Interestingly and perhaps a bit 
counterintuitively, it turns out that all scouts end up basically the 
same altitude of around 3.2 Km meaning that all off 90% of the 
altitude advantage was lost in just the first pass! In fairness, 
zooming in on the end altitude in figure 7, it can be concluded 
that there are tangible differences between the planes, but that 
they are not very big and in fact the end altitudes of the best (the 
S.E.5a at 3.24 Km) and the worst (the Albatros D.Va at 3.15 
Km) is no further than 90 m apart. 


One interesting thing not shown in the results below is the 
effects of the pull out g-load: A pullout load factor from 2 to 5 
was tried in the simulations and interestingly enough it turned 
out that the altitude gain increased with the load factor. So 
pulling out with 5g will give you a higher perch than pulling out 
with 2, 3 or even 4 g. The reason for using 4 g in the simulation 
is that in real life most pilots would probably have hesitated to 
pull 5 g, especially the German scout pilots given that that was 
the ultimate load factor requirement the Bau- und 
Liefervorschriften der Inspektion der Fliegertruppen (BLV) 
design specifications called for at the time. 


The explanation for the larger altitude gain with a higher load 
factor is that the speed in the pullout is so great that the 
additional induced drag caused by a higher load factor'> is 
readily offset by a lower undershoot of the target altitude and a 
quicker transition to the 45 degree climb angle meaning that a 
shorter time is spent at speeds where the drag is larger than the 
thrust which allows more of the kinetic energy from the dive to 
be converted back into potential altitude energy again. 


Figure 6: 


45 degree dive and zoom history 
4 g pullout at 3 Km altitude 


Initial and end speed 150 Km/h TAS 
C++ simulation code PA231 2020-11-18 
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In figure 7 below is a zoomed in view for the last 6 seconds of 
the dive history recorded in figure 6. In this it can be seen that 
the SPAD XIII and S.E.5a both reach 3 Km altitude at almost the 
same time, about 28 s into the dive, while the Fokker D. VII takes 
slightly longer than 29 s and the Albatros D.Va needs almost 30 
s. Since all aircraft pull out at 4 g’s, the two faster Entente scouts 


14 NACA report 143, Analysis of stresses in German airplanes, 
W. Hoff, 1922. 

15 Note that while the load factor is high, the lift coefficient will 
actually still be low (less than 0.34 for 4 g pullout for S.E.5a) 
meaning that the induced drag will also be low. 
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naturally bottom out at a lower altitude than the two slower but 
then as the aircraft start to point skywards again, the higher 
speed allows them to gain altitude faster and keep on climbing to 
a between 50 to 90 m higher altitude than the German scouts 
depending on which two aircraft are compared. Another 
perspective of the dive histories in figure 7 could be to assume 
that the attack is not done in the dive but in the horizontal plane 
following the pullout. In that case the Entente scouts would 
consequently initiate the pullout slightly before the German 
scouts meaning they would bottom out at the same altitude as the 
German scouts and therefore add about 30 m to their gain 
placing them circa 80 to 120 m above their opponents. 


Figure 7: 


45 degree dive and zoom history (Detail) 
4 g pullout at 3 Km altitude 
Initial and end speed 150 Km/h TAS 
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- - S.E5a 220 
hp Hispano 
Suiza 8b 


— Albatros 
D.Va 
Mercedes 
D_IIIaii 185 


& 
aunt 


Altitude [Km] 


Km FTH 


an SPAD XII 
210 hp 
Hispano 
Suiza 8b 


26 30 34 


Time [s] 


Figure 8: 


45 degree dive and zoom history 
from 5 Km altitude 
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From the speed chart (Figure 8 above) it is clear that during the 
first 5 s the acceleration is almost entirely determined by gravity 
alone but that after this point in time then the drag starts to make 
itself felt and have a more pronounced impact. As expected, 
given the fact that the drag increases with the square of the 
speed, the acceleration rapidly deceases as the speed builds up 
and 25 s into the dive then all four scouts are nudging terminal 
velocity hinting that shorter dives would be more energy 
efficient than expending all of 2 Km in a 45 degree dive. This is 
also what the simulations indicate: Taking the S.E.5a as an 
example, the altitude recovery from a 500 m dive is circa 32% 
while a 1 Km dive yields a return of about 22% of altitude 
expended. However, for the longer 2 Km dive, the S.E.5a only 
manages to recover circa 12% of the altitude which can be 
explained by the aircraft only adding a marginal amount of 
energy during the last 10 s of the dive since, like the other scouts 
in the comparison, it’s so close to the terminal velocity during 
this period of time. This is an interesting observation, since it 
shows that while the aircraft certainly do exhibit tangible 
differences in dive performance, the differences in the zoom 
portrayed in figure 6 are perhaps less than expected given that 
such a long dive still only results in such minor differences 
between the machines. 


Summing up the above, the key takeaway is that WW1 scouts do 
not excel at long diving attacks and that while they certainly can 
perform dive and zoom attacks, this is only viable for shorter 
dives since for a longer 2 Km dive, the altitude recovery in the 
zoom is only a measly 10% of the altitude expended. 


Comparison of dissimilar aircraft 


What happens if instead of the four more evenly matched planes 
mentioned above two extremes like the high powered, water 
cooled in-line engined S.E.5a and a more modestly powered, air 
cooled radial engined plane like the Fokker Dr.1 are compared? 


This may at first glance seem like a farfetched idea but in fact 
both planes were in service at the same time and most likely had 
numerous combat encounters so from this perspective the 
comparison is perfectly valid. As intuitively expected, the 
difference in dive performance (Depicted in figures 9 and 10 
below) turns out to be huge, with the S.E.5a literally leaving the 
Fokker Dr.1 in the dust. 


However, the simulation also shows that diving is no get out of 
jail free card even in this scenario: During the first 10 s there is 
virtually no increase in separation between the aircraft meaning 
that the S.E.5a has to disengage from the Fokker outside 
effective guns range in the first place or run the gauntlet for a 
minimum of the 20 s it takes to gain 250 m in separation. In fact 
the argument could be made that is takes even longer to 
disengage successfully since flying relatively straight while 
being engaged by machine gun fire from 250 m requires both 
nerves of steel and an element of luck to escape unscathed. 


Interestingly, Manfred von Richthoven is sometimes quoted as 
having said that he caught up with faster aircraft in just this way: 
The victim makes the mistake of waiting too long to disengage 
or is caught in a diving attack'® from above resulting in too little 
initial separation and when attempting to extend or dive away is 
engaged with harassing fire forcing the defender to jinx" and 
thereby lose speed which in turn allows even a slower pursuer to 
catch up and seal the defenders fate even though he may have 
been flying a faster and better diving aircraft. 


16 “Everything beneath me is lost” Manfred von Richthoven in 
reference to scouts that had no rearward defensive capability. 
Quote from Fighter Pilot by S. M. Ulanoff, 1962. 

V Jinxing is a fighter pilot term used to describe a defensive 
technique which involves flying erratically and unpredictably in 
order to throw off a pursuers aim. 
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Figure 9: 
Dive history from 5 Km altitude with 45° 
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Figure 10: 
Dive history from 5 Km altitude with 45° 
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Another interesting comparison is how does the dive and zoom 
capability of a WW1 scout compare to a typical WW2 fighter 
airplane? Intuitively one can understand that a lighter biplane 
propelled by a modest powered engine driving a fixed pitch 
propeller will not perform on the same level as a sleek, heavy 
monoplane with a high power supercharged engine with a 
variable pitch propeller but just how far apart were they? It turns 
out that the difference is enormous as exemplified by the 
comparison below showing how the top ranking S.E.5a stands up 
to a typical WW2 fighter, in this case represented by the German 
Me-109G2. 


Figures 11 to 13 below show that the S.E.5a quickly reaches a 
speed where the propeller ceases to produce thrust which in 
combination with the high drag results in a low 45 degree dive 
terminal velocity while the Me-109G2 in contrast continues to 
accelerate rapidly up to almost 775 Km/h TAS compared to the 
S.E.5a’s more modest 450 Km/h TAS before the pullout. This 
results in a dramatic difference in kinetic energy allowing the 
WW2 fighter to surge skywards after the pullout while the WW1 
scout quickly runs out of energy when striving upwards. Since 
the Me-109G2’s horizontal top speed at 3-4 Km altitude with 1.3 
ata boost is around 600 Km/h TAS the acceleration downwards 
is boosted by an excess in thrust up to around 15 s into the dive 
and since drag only starts to exceed thrust after this point it has 
little time to make an impact on the speed before the pullout 
about 6 s later. This is well illustrated in figure 13 where the Me- 
109G2 speed buildup can be seen to be greater than the gravity 
only acceleration which is given by the T-D=0 line. 


Figure 11: 
45 degree dive and zoom history 
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Initial and end speed 150 Km/h TAS 
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Figure 12: 


45 degree dive and zoom history 
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Figure 13: 


45 degree dive history from 5 Km altitude 
with 150 Km/h TAS initial and end speed 
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Summing up, the example scenario above shows that a S.E.5a 
would regain only 12% of the 2 Km dive altitude while a Me- 
109G2 would reclaim all of 92% under similar conditions. In 
practice this means that the Me-109G2 could confidently after 
zooming back up to a perch at 4.84 Km initiate another diving 
attack on an opponent flying at 3 Km altitude while the S.E.5a is 
reduced to a state approaching energy parity ending up only 240 
m higher than the target after only one pass. Consequently, the 
S.E.5a’s attack is more appropriately termed a diving attack as 
compared to the Me-109G2’s flight path which on the other hand 
truly lives up to the name of a dive and zoom attack. 


Validity of results 


Before summing up and drawing conclusions from the 
simulations, how valid are they? Are the results presented above 
based solely on force and motion analysis still valid if flutter and 
divergence limitations are taken into account? To what extent is 
it reasonable to assume that the pilots themselves put a cap on 
dive performance rather than the actual aircraft limitations? 


Beginning with a look at flutter and divergence, a Royal Aircraft 
Establishment report states a terminal velocity of 265'* mph IAS 
(496 km/h” TAS at 3 Km altitude) in a vertical dive for the 
S.E.5a while a recent FEM-analysis estimates the flutter speed 
for the SPAD XIII at 300%” mph (483 Km/h) TAS which is well 
in excess of the speeds reached for either of these aircraft in the 
simulations. The maximum Vne speed for the Fokker D.VII is 
sometimes given as 240 mph (386 km/h) IAS which corresponds 
to around 446 Km/h TAS at 3 Km. Consequently it could be 
argued that the force and motion based simulation results for 
these three aircraft are valid given that the estimated maximum 
safe flying speed is not reached for any one of them. 


18 RAE R&M 492, The terminal velocity of S.E.5, 
Superintendant, April 1917. 

I For comparison, the C++ model of the S.E.5a used in these 
simulations gives circa 505 km/h TAS at 3 Km altitude for a 85 
degree dive starting from 5 Km at 150 Km/h TAS. 

2 Defeat by design, John A Chionchio, Air Enthusiast in 1989. 


For the Albatros D.Va on the other hand the situation is more 
doubtful since there are indications that the limiting speed in a 
dive could in fact be significantly lower than those attained in 
the simulations. A couple of studies utilizing FEM-analysis* *° 
place the flutter speed as low as in the order of 120 mph while a 
pilot quote places the Vne at 160 mph IAS”. On the other hand, 
since this latter number is the stated Vne speed it contains a 
safety factor and a margin of error so the actual speed that could 
be safely attained in a dive is most likely significantly higher 
than the quoted 160 mph IAS Vne speed. Further evidence of a 
substantially higher flutter speed is actually contained in the 
story of Hans Joachim von Hippel’s lower wing loss mentioned 
earlier: According to this story he did a near vertical 3000 ft dive 
when he lost his wing. Assuming this as input, the simulations 
indicate that if he had started off at 150 km/h he would have had 
around 393 Km/h or 244 mph TAS at the end of that dive. A 
speed as low as 160 mph IAS would have been reached already 
a 1000 ft into the purported 3000 ft dive again hinting that the 
true flutter/divergence speed was significantly higher than the 
160 mph IAS Vne mentioned above. However, since the data is 
contradictory and inconclusive there is simply no way of 
knowing just how fast the Albatros could safely go and therefore 
the speed attainable by force analysis alone has been represented 
for the Albatros as well. 


Added to these more factual limitations will be the pilot’s 
subjective perception of the actual limits and his confidence in 
his mount. In addition, aircraft of the time either simply lacked 
speed indicators or if one was mounted, it was not unusual that 
the indicated speed range” stopped well short of the speeds 
attainable in dives, as indicated in the pilot quote above 
concerning the S.E.5a. In addition, given that Albatros scouts 
had a reputation to shed their wings in steep dives, this was 
something a pilot had to take into account in a real life scenario 
when there was a chance to gain a victory or running the risk of 
being shot down and while some daredevils like Hans Joachim 
von Hippel pressed their aircraft to the limits and beyond, how 
many pilots would instead have opted to disengage or break off 
the chase at a more shallow dive angle? On the other hand many 
SPAD pilots expressed supreme confidence in the sturdiness of 
their charges, probably based on their seemingly well-deserved 
reputation to hold together in steep dives. 


These observation on pilot psychology and the rumors that 
surrounded these aircraft could perhaps go some way to explain 
why some anecdotal evidence may suggest bigger differences in 
dive performance compared to the simulations where the results 
have been determined solely by the laws of motion. 


Conclusions 


One important takeaway from the simulations is that it’s not the 
heaviest plane that dives the best but that it’s another metric that 
governs the aircrafts relative dive performance: In a prolonged 
dive where drag exceeds thrust, the dive performance is not 
determined by sheer weight alone but is instead directly 
proportional to the weight to flat plate drag area quotient”. This 
is a useful insight since it means that ballpark estimates can be 
easily derived without complicated simulations since the weight 
is readily available in aircraft specifications and the flat plate 
drag area can be easily reverse engineered with pen and paper 
calculations based on the quoted top speed. 


Another simulation result that merits special mention is that 
there seems to be little difference in distance covered during the 


>! The 160 mph Vne figure is attributed to the German ace Paul 
Strahle in reference to a D.V supposedly with the strut brace 
modification. 

» Some Sopwith Camel airspeed indicators purportedly had a 
scale up to 180 mph IAS while at least one version of the 
German Morell airspeed indicator went up to 240 Km/h IAS. 

3 Note that the aircraft’s relative dive performance stack up in 
the order of their weight to flat plate area fractions as listed in 
tables 1 & 2 and that the two heaviest planes actually end up last. 
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first 20 s of the dive for any of the scouts. As a consequence, this 
means that to disengage successful even a faster diving scout 
like the S.E.5a or SPAD XII must start off the extension outside 
effective guns range or run the gauntlet of more than 20 s under 
the guns of a pursuer. Consequently, allowing the speed to drop 
to parity or waiting too long in a turn fight before choosing to 
disengage could prove fatal even for a much better diving scout. 


Yet another noteworthy results is seen in the dive and zoom 
scenario from 5 Km altitude in which all four scouts after the 
zoom end up at basically the same altitude (around 3.2 Km) with 
less than 100 m altitude difference between the highest and 
lowest scout which was perhaps somewhat unexpected. In 
addition, while shorter dives, e.g. in the 500 to 1000 m range, 
result in a greater height recovery percentagewise, the absolute 
gains in altitude are still very low (in the order of 160 to 220 m) 
meaning that the attacker will still be within the defenders 
effective guns range following the zoom. 


Summing up, due to a poor capability to convert potential to 
kinetic energy and vice versa, the dive and zoom mode of attack 
is simply not very suitable for typical WW1 scouts and in fact 
the simulations indicate that in most cases, a diving attack would 
be more appropriately concluded with a high speed 
disengagement and an extension rather than attempting a zoom 
back to altitude which would still have left the attacker 
vulnerable to the defenders gunfire from below. This is 
especially true given that some WWI scouts like the thick 
winged Fokker Dr.1 and D.VII had a reputation for being able to 
comfortably hang on the propeller and firing upwards at unwary 
targets above, meaning that a zoom following a diving attack had 
to result in an altitude gain for the zooming fighter placing it 
outside effective guns range which seems marginal at best given 
that the S.E.5a in the example above would regain only about 
160 m from a 500 m dive and about 220 m for a 1000 m dive. 


So to sum up, while diving attacks could and certainly were used 
extensively and with great success during WW1, the simulations 
also indicate that the dive and zoom tactics that certainly saw the 
light of day during the Great War, were in fact more suited to the 
coming generation of high powered, all metal, cantilever 
monoplanes that came to dominate the skies of WW2. 


Some notes on the simulation model 


The simulation code used for the comparisons in this paper is an 
adaptation of a Simula program the author coded in the 1980’s 
for a Master’s thesis which studied the influence of external 
stores on fighter jet aircraft. The program was later converted to 
C++ and modified to incorporate propeller aircraft and while the 
code does account for compressibility effects, these do of course 
not arise to a sufficient degree to influence the results for 
WwWlera scouts. The atmospheric model used is standard 
atmospheric conditions assuming a sea level temperature of 15 
degrees Celsius. To estimate aircraft performance, the program 
accesses data (such as power, zero lift drag coefficient, 
maximum lift coefficient, Oswald factor, propeller efficiency 
etc. as a function of Mach number, advance ratio, altitude etc.) 
which are stored in vectors and structs and iterates these 
variables until a balance of forces is achieved within a 
predetermined range and then list the output in tabular format. 
This output has then been post processed and used to generate 
the figures as presented in this paper. The core part of the 
simulation code that calculates speed, acceleration, climb rates, 
climb times, instantaneous and stationary turn performance has 
been extensively verified for WW2 aircraft for which there exists 
a wealth of reliable data, such as can be found e.g.at Mike 
Williams and Neil  Stirling’s excellent website: 
www(dot]wwiiaircraftperformance[dot]org. 
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Afterword 


There is very little data available on dive and zoom performance, 
terminal velocities and flutter limitations for WW1 scouts and 
this paper therefore contains a number of assumptions and 
estimates that may need to be revised if new data emerges and 
constructive feedback is therefore most welcome on e-mail: 
wwlaircraftperformance[at]gmail[dot]com. 
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